The use of high-pressure liquid chromatography coupled directly or by a hydride generation system to an inductively coupled plasma mass spectrometer for the unambiguous measurement of 13 arsenic species in marine biological extracts is described. The use of two chromatography systems; a Supelcosil LC-SCX cation-exchange column eluted with a 20 mM pyridine mobile phase adjusted to pH 2.2 and 2.6 with formic acid, with a flow rate of 1.5 mL min −1 at 40 • C, and a Hamilton PRP-X100 anion-exchange column eluted with 20 mM NH 4 H 2 PO 4 buffer at pH 5.6, with a flow rate of 1.5 mL min −1 at 40 • C, was required to separate and quantify cation and anion arsenic species. Under these conditions, arsenous acid could not be separated from other arsenic species and required the use of an additional hydride generation step. Arsenic species concentrations in a locally available Tasmania kelp (Durvillea potatorum), a certified reference material (DORM-2), and a range of commercially available macroalgae supplements and sushi seaweeds have been measured and are provided for use as in-house quality control samples to assess the effectiveness of sample preparation, extraction, and measurement techniques.
Introduction
In the last decade, high-performance liquid chromatography coupled to inductively coupled plasma mass spectrometry (HPLC-ICP-MS) has been extensively used to determine arsenic species concentrations in biological extracts from terrestrial and aquatic environments. [1] [2] [3] [4] This technique has gained widespread acceptance because of its high selectivity (especially when analyzing complex matrixes) and low detection limits (µg L −1 to ng L −1 ). There are, at present, 13 arsenic species that are commonly identified and quantified using HPLC-ICP-MS (i.e., arsenobetaine, arsenocholine, trimethylarsine oxide, trimethylarsoniopropionate, tetramethylarsonium cation, arsenous acid, arsenic acid, methylarsonic acid, dimethylarsinic acid, glycerol-arsenoribose, phosphate-arsenoribose, sulfonatearsenoribose, and sulfate-arsenoribose). [1, [5] [6] [7] [8] [9] The successful quantification of all these arsenic species in biological extracts has not been achieved using one chromatography run but requires the use of complimentary separation techniques such as reverse-phase, anion-and cation-exchange chromatography, and column eluting conditions incorporating different buffer compositions and pH. [7, [9] [10] [11] The continuing research into understanding the biogeochemical cycling of arsenic in terrestrial and aquatic environments has lead to the discovery of new (e.g., trimethylated arsenoriboses) and as yet unidentified arsenic species in biological tissues. [1, 5, 9, 12] These new and unidentified arsenic species have the potential to interfere during HPLC-ICP-MS analysis, with the identification of known species by co-elution as unresolved overlapping peaks. Potential problems because of co-elution can be reduced by gaining an understanding of the retention behaviour of known arsenic species and manipulating column elution conditions (e.g., buffer pH and concentration) to achieve peak resolution.
The use of HPLC coupled by hydride generation to an inductive coupled mass spectrometer (HPLC-HG-ICP-MS) has been reported as a highly selective and sensitive (ng L −1 ) technique that can be used for the measurement of low concentrations of inorganic and simple methylated arsenic species in biological extracts. [8, 13, 14] The incorporation of a hydride generation step also allows the accurate measurement of these arsenic species in samples containing high chloride concentrations (e.g., urine, macroalgae, leaves, and seagrass) by the elimination of the polyatomic interference from 40 Ar 35 Cl + formation. [15] [16] [17] The formation of volatile arsenic hydrides requires reduction and derivatization of arsenic species. [18] [19] [20] [21] [22] l-Cysteine has been reported to be a highly efficient reducing agent requiring short reaction times. [19, 23, 24] In addition, reduction using l-cysteine requires only mild acidic conditions and reduces ICP-MS plasma instability from by-products formed during hydride generation (e.g., H 2 O, CO 2 , and H 2 ). The more complex organic arsenic species, e.g., arsenobetaine and arsenoriboses, will only quantitatively form volatile hydrides, under normal operating conditions, following sample decomposition before reduction and derivatization. [17, 19, 25, 26] Schmeisser et al. [27] have demonstrated that arsenoribosides can form small amounts of volatile species but require the use of a novel hydride generation system specifically optimized for this purpose.
The routine measurement of total trace metal concentrations in biological certified reference materials is commonly used to assess the accuracy of digestion and analysis procedures. [28] [29] [30] This quality control procedure is not routinely undertaken in arsenic speciation studies of environmental samples despite the availability of reference materials (i.e., DORM-2 dogfish muscle [31] and BCR CRM 627 tuna fish tissue [32] ) that have certified arsenic species concentrations for arsenobetaine, dimethylarsinic acid, and tetramethylarsonium cation. This is probably because of high analysis costs and the lack of widely available inexpensive materials that can be used for in-house quality control purposes.
The objectives for this study were:
(1) To gain an understanding of the retention behaviour of arsenic compounds during HPLC-ICP-MS analysis with changing column mobile phase conditions (pH, buffer concentration, and temperature); (2) The optimization of HPLC-ICP-MS to determine inorganic and organic arsenic compounds in marine biological extracts; (3) The optimization of HPLC-HG-ICP-MS to determine inorganic arsenic compounds in marine biological extracts; and (4) The identification and quantification of arsenic compounds in a Tasmanian kelp macroalgae sample (Durvillea potatorum) and a range of commercially available macroalgae supplements and sushi seaweeds for use as an in-house quality control material.
Methods

Reagents
Nitric acid (HNO 3 ; Aristar, BDH) was used for the determination of total arsenic concentrations. Ammonium dihydrogen orthophosphate (Suprapur, Merck) and pyridine (Extra Pure, Merck) were used in the preparation of mobile phases. Formic acid (Extra Pure, Fluka) and ammonia solution (>99.9%, Aldrich) were used for the adjustment of mobile-phase pH. Methanol (HiPerSolv, BDH), acetone (Unichrom, Ajax), and ultrapure deionized water (Millipore) were used for the extraction of arsenic species from freeze-dried biological tissues. Hydrochloric acid (Trace Pur, Merck), l-cysteine (BioChemika, Fluka), and sodium tetrahydroborate(iii) (Laboratory Chemicals, APS) were used for the reduction and derivatization of arsenic species. The NaBH 4 solutions were stabilized by the addition of 0.01 M sodium hydroxide (Pronalys, Selby-Biolab) in deionized water (Millipore).
Standard Arsenic Species
Stock standard solutions (1000 mg L −1 ) of arsenous acid (As 3+ ), arsenic acid (As 5+ ), methylarsonic acid (MA), and dimethylarsinic acid (DMA) were prepared by dissolving sodium arsenite (Ajax), sodium arsenate heptahydrate (Ajax), disodium methyl arsenate (Alltech-Specialists), and dimethylarsinic acid sodium salt (Alltech-Specialists), respectively, in 0.01 M HCl (Trace Pur, Merck) in ultrapure deionized water (Millipore).
Arsenobetaine (AsB), arsenocholine (AsC), trimethylarsine oxide (TMAO), and tetramethylarsonium ion (TETRA) were kindly supplied by Dr Erik Larsen (National Food Agency, Institute of Food Chemistry and Nutrition, Denmark) and Dr Walter Goessler (Institute of Chemistry, Karl-Franzens-University, Austria).
The glycerol, sulfonate, and sulfate arsenoriboses (OH-ribose, SO 3 -ribose, OSO 3 -ribose respectively) were isolated in-house from marine macroalgae certified reference material Fucus 140 (IAEA, Monaco). The phosphate arsenoribose (PO 4 -ribose) was isolated in-house from the marine animal certified reference material oyster 1566a (NIST, USA). The identity of these arsenoriboses had been previously confirmed by high-performance liquid chromatography-mass spectrometry-mass spectrometry (LC-MS-MS; SCIEX API 300, Perkin-Elmer). [1] Trimethylarsoniopropionate (TMAP), also reported in the literature as arsenobetaine 2, was isolated in-house from the marine animal certified reference material lobster hepatopancreas (TORT-2; NRC-CNRC, Canada). [33] Total arsenic concentrations in stock solutions were measured using a Elan-6000 ICP-MS (Perkin-Elmer). The purity of arsenic species was periodically determined by HPLC-ICP-MS. Calibration curves for HPLC-ICP-MS (<100 µg L −1 ) and HPLC-HG-ICP-MS (<10 µg L −1 ) were prepared daily by appropriate dilution of stock standards in deionized water (Millipore).
Acetone Extraction
Biological tissues were freeze-dried for approx. 24 h (Labconco) to a constant mass and ground to homogenous powders using a ZM 100 ultra centrifugal mill (ring sieve 0.5 mm; Retsch). Approximately 0.2-0.25 g of tissue was added to 50 mL polypropylene vials and 10 mL of acetone (HiPerSolv, BDH) was added. Samples were shaken for 1 h (30 rpm) and the supernatant was removed after centrifuging at 5000 rpm for 15 min. This acetone extraction procedure was repeated twice and the supernatants were combined after centrifuging at 5000 rpm for 15 min. After acetone extraction the residue pellet was dried at room temperature (approx. 25 • C) for approx. 12 h.
Methanol/Water Extraction
Water-soluble arsenic species were extracted from freeze-dried biological tissues using a microwave-assisted extraction procedure developed by Kirby et al. [33] Approximately 0.1-0.15 g of the acetone-extracted pellet was weighed into 50 mL polypropylene vials and 10 mL of 50% (v/v) methanol (HiPerSolv, BDH)/deionized water (Millipore) was added. The samples were extracted for 5 min at 70 • C using an MDS-2000 microwave oven (CEM, AI Scientific). The extraction procedure was repeated twice and individual sample supernatants were combined after centrifuging at 5000 rpm for 15 min.
Total arsenic concentrations of 50% (v/v) methanol/water supernatants were determined by evaporating approx. 2 mL of the sample to dryness using an RVC 2-18 rotational vacuum concentrator at 60 • C (Christ). Residues were resuspended in 2 mL of 1% HNO 3 (Aristar, BDH) before determination of total arsenic concentrations using ICP-MS (Elan-6000, Perkin-Elmer).
Arsenic Speciation
Approximately 28 mL of the combined methanol/water supernatants was evaporated at 60 • C to dryness using an RVC 2-18 rotational vacuum concentrator (Christ). Individual residues were divided into two sub-samples, resuspended in deionized water [HPLC-ICP-MS: 400-500 (µg As) L −1 ; and HPLC-HG-ICP-MS: 5-10 (µg As) L −1 ], and filtered through a 0.45 µm Iso-Disc N-4-4 Nylon filter (Supelco) before analysis. Aliquots of 100 µL were injected onto a HPLC system consisting of a Series 200 mobile-phase delivery and auto sampler system (Perkin-Elmer). A Supelcosil LC-SCX cation-exchange column (250 mm × 4.6 cm, 10 µm) and a PRP-X100 PEEK anion-exchange column (250 mm × 4.6 cm, 10 µm; Hamilton) was used to identify and quantify arsenic species. 
HPLC-ICP-MS Instrumentation
An Elan 6000 inductively coupled plasma mass spectrometer was used as an arsenic specific detector at m/z 75. The column eluent from the HPLC was directly connected to a Scott double-pass spray chamber on the Elan-6000 ICP-MS (Perkin-Elmer) by 60 cm of PEEK (i. The chromatography package Total Chrom (Perkin-Elmer) was used to quantify arsenic species by peak areas. Arsenic species were identified by spiking and comparisons of retention times with known standard solutions. The spreadsheet package Excel (Microsoft) was used in the determination of arsenic species concentrations from standard calibration curves.
HPLC-HG-ICP-MS Instrumentation
An on-line HPLC-HG-ICP-MS system was developed in-house ( Fig. 1 ) using the optimized column conditions determined for identification and quantification of anionic arsenic species in biological tissues. The HPLC eluent stream was mixed on-line with solutions of HCl, l-cysteine, and NaBH 4 using a peristaltic pump at a flow rate of 0.5 mL min −1 (0.03 mm i.d. pump tubing at 12 rpm; Perkin-Elmer, Fig. 1 ). The reaction coil, transfer lines, and mixing loops were made from 0.8 mm (i.d.) teflon tubing. The waste solution was removed intermittently from the gasliquid separator by a peristaltic pump (2 × 2.5 mm i.d. pump tubing at 12 rpm; Perkin-Elmer).
Results and Discussion
HPLC-ICP-MS-Column Optimization Supelcosil LC-SCX Cation-Exchange Chromatography
The separation of arsenic species by this column is achieved by sample analyte interaction with silica-bonded sulfonate exchange sites. In the examined pH range, As 3+ (pK a1,2,3 9.2, 13.5, 14), As 5+ (pK a1,2,3 2.3, 6.7, 11.6), MA (pK a1,2 3.6, 8.2), PO 4 -ribose, SO 3 -ribose, and OSO 3 -ribose were predicted and found in this study to elute in the void volume. These anionic arsenic species eluted in the void volume because they exhibited no interaction with the column's sulfonate-exchange sites. H] species. In this study, DMA showed increased retention in the column as pH decreased from 3.5 to 2.2. Longer retention is attributable to the increased percentage of cationic DMA species in solution as pH decreases (pH 3.5: 1%; pH 2.2: 11%). Longer retention times of DMA at lower pH were insufficient to separate it from anionic arsenic species such as H 3 AsO 3 and H 3 AsO 4 that elute in, or close to, the void volume. Therefore, DMA cannot be quantified using a Supelcosil cation-exchange column when anionic arsenic species are present in the sample.
Buffer pH
The two carboxylic acid arsenic species, AsB and TMAP, were found to have similar retention behaviour in the examined pH range (pH 2.2-3.5; Fig. 2a ). These two arsenic species showed increased retention as pH decreased from 3.5 (AsB k 0.36; TMAP k 1.11) to 2.2 (AsB k 0.83; TMAP k 1.54). There is no reported pK a value for TMAP in the literature. An understanding of the behaviour of TMAP at varying pH can be predicted using the pK a values for other short-chain carboxylic acids such as acetic (pK a 4.76), propanoic (pK a 4.86), and butanoic (pK a 4.83) acids. The similar pK a values for these short-chain carboxylic acids suggest that the behaviour of TMAP (pK a < 3) should be similar to that reported for AsB (pK a 2.2). Arsenobetaine and TMAP may exist in the pH range examined as cationic, (CH 3 ) 3 As + CH 2 COOH and (CH 3 ) 3 As + CH 2 CH 2 COOH, and neutral zwitterionic, (CH 3 ) 3 As + CH 2 COO − and (CH 3 ) 3 As + CH 2 CH 2 COO − , species. The higher retention for AsB and TMAP as pH decreases is attributable to increased cation composition (AsB 5% and TMAP 24% at pH 3.5; AsB 50% and TMAP 86% at pH 2.2) and greater interaction with sulfonate exchange sites in the column.
At pH 2.2,AsB shows incomplete separation from the peak for OH-ribose (AsB k 0.83; OH-ribose k 0.78; Fig. 2a ). These arsenic species showed increased separation as pH increased to 2.6 (AsB k 0.63; OH-ribose k 0.83; Fig. 2a) . At pH >2.6, the peak for OH-ribose broadened and was not separated from later eluting cationic arsenic species (e.g., TMAO and TMAP). The separation of OH-ribose and AsB is achieved mainly because of the decreased retention of AsB as pH increases (Fig. 2a) [11] The retention time of OHribose increased from pH 2.2 (k 0.78) to 3.5 (k 1.92; Fig. 2a) . The retention time of OH-ribose in this column was predicted to decrease as pH increased from 2.2 to 3.5 because of an increase in the neutral species (14% at pH 2.2; 28% at pH 2.6; 76% at pH 3.5) at higher pH values. The divergence of experimental results from those predicted suggests other column interactions are occurring between the stationary phase and OH-ribose.
The retention behaviour of TMAO was found to be similar to that for OH-ribose (Fig. 2a) . The trimethylarsine oxide retention time increased when the pH increased from 2.2 (k 1.3) to 3.5 (k >3.4; Fig. 2a) . At pH >2.6, the peak for TMAO broadened and was not separated from later eluting cationic arsenic species (e.g., TMAP). In the examined pH range, TMAO (pK a 3.6) can exist in solution as cationic [(CH 3
A small increase in retention time was found for AsC and TMAO when the pH was increased from 2.2 (AsC k 1.7; TETRA k 2.4) to 3.5 (AsC k 2.1; TETRA k 2.8; Fig. 2a ).
In the examined pH range, AsC [(CH 3 ) 3 As + (CH 2 ) 2 OH] and TETRA [(CH 3 ) 4 As + ] are permanent cations and will be retained in the column by an interaction with sulfonate exchange sites.
Buffer Concentration
The retention times for all cationic arsenic species was found to decrease as pyridine concentration increased (Fig. 2b) . A 20 mM pyridine buffer concentration was determined to be the optimum for the separation of all examined cationic arsenic species (AsB k 0.63; OH-ribose k 0.77; TMAP k 1.38; AsC k 1.69; TETRA k 2.27; Fig. 2b ). This pyridine buffer concentration was determined as the optimum because it provided good peak baseline separation with short analysis time (<10 min). At higher pyridine buffer concentration (>20 mM), retention times were reduced, resulting in poor peak separation (especially between AsB and OHribose; Fig. 2b ). Peak broadening and longer retention times (<15 min) occurred at pyridine buffer concentrations lower than 20 mM (Fig. 2b) .
Pyridine (pK a 5.3) at pH <3.5 is present in solution mainly as the pyridinium cationic species (C 5 H 5 N + H; 95% at pH 3.5; 100% at pH 2.2). In the examined pH range, pyridinium exists as the cationic species. As the buffer concentration of pyridinium ions increases, the retention times of the cationic arsenic species will decrease because of faster displacement from cation-exchange sites in the column.
Temperature
The retention times of the cationic arsenic species were examined over the temperature range 25-55 • C. At higher column temperatures, peak separation was found to improve as observed by better peak resolution (sharper, defined peaks). The maximum operating temperature for a Supelcosil LC-SCX cation-exchange column is 75 • C. To maintain column performance and longevity, a column temperature of 40 • C was chosen as the optimum for the separation and quantification of cationic arsenic species. 
Optimized Supelcosil LC-SCX Column Conditions
The use of two column mobile phases are recommended for the separation and quantification of cationic arsenic species in biological extracts using the Supelcosil LC-SCX cation-exchange column: a 20 mM pyridine mobile phase adjusted to pH 2.6 with formic acid, with a flow rate of 1.5 mL min −1 and column temperature of 40 • C for identification and quantification of AsB, OH-ribose, TMAP, AsC, andTETRA ( Fig. 3a; <10 min) ; and a 20 mM pyridine mobile phase adjusted to pH 2.2 with formic acid, with a flow rate of 1.5 mL min −1 and a column temperature of 40 • C for identification and quantification of TMAO ( Fig. 3b; <10 min) . With these column conditions TMAP, AsC, and TETRA can also successfully be separated and quantified.
When analyzing for arsenic species in biological extracts using cation-exchange chromatography-ICP-MS, it is important to understand the effect of ions, such as sodium. [34, 35] The monitoring of sodium ions (m/z 23) during cation-exchange chromatography-ICP-MS is essential in determining potential sodium interference on cationic arsenic species, especially AsB. Biological extracts high in sodium ions will require dilution (e.g., 1 : 10 v/v) or removal before cation-exchange chromatography-ICP-MS to prevent peak suppression during the quantification of cationic arsenic species.
Hamilton PRP-X100 Anion-Exchange Chromatography
The retention behaviour of As 3+ , As 5+ , DMA, MA, PO 4 -ribose, SO 3 -ribose, and OSO 3 -ribose at different pH (4-9.5) and ammonium phosphate concentrations (10-40 mM) was determined to be similar (Figs 4 and 5) to that previously reported by Raber et al. [11] These anionic arsenic species are separated in this column by their interaction with trimethylammonium exchange sites on the stationary phase.
The optimized conditions for identification and quantification of As 5+ , DMA, MA, PO 4 -ribose, SO 3 -ribose, and OSO 3 -ribose were determined to be a 20 mM NH 4 H 2 PO 4 buffer at pH 5.6, and a flow rate of 1.5 mL min −1 at a column temperature of 40 • C (Fig. 6) . Arsenous acid was co-eluted with cationic arsenic species in the void volume (Fig. 6 ). In the examined pH range, As 3+ exists mainly as a neutral species (H 3 AsO 3 ) and will not be retained in the column. Therefore, As 3+ cannot be determined in biological extracts using the PEEK Hamilton PRP-X100 column.
The importance of understanding the effects of chloride ions during HPLC-ICP-MS on arsenic species identification has been described in the literature. [35] [36] [37] The elution of chloride ions during HPLC-ICP-MS analysis has the potential to interfere with identification and quantification of co-eluting arsenic species because of the formation of the polyatomic ion 40 Ar 35 Cl + . Chloride elutes after As 5+ using the optimized conditions and has the potential to interfere with identification of As 5+ and later eluting SO 3 -and OSO 3 -riboses. Biological extracts, such as urine, macroalgae, leaves, and seagrass containing high concentrations of chloride ions, will require dilution or removal of chloride by techniques such as solid-phase extraction using silver nitrate before anion-exchange chromatography. Alternatively, ICP-MS instruments with collision (Agilent) or reaction cells (Perkin-Elmer) can be used to minimize formation of 40 Ar 35 Cl + polyatomic interferences. 
HPLC-HG-ICP-MS Optimization
The efficiency of arsine production is dependent on acidity, NaBH 4 concentration, and prereductant compound used. The use of cysteine as a reductant has all but replaced traditional reductants such as KI and KI/ascorbic acid, as the hydride yield is greater, less acid is required (thus blanks reduced), less hydrogen is evolved, and interferences from transition elements are minimized.
Hydrochloric Acid Concentration
The optimum response for both inorganic and methylated arsenic species occurred between HCl concentrations of 1-3% (v/v; Fig. 7a) . A 1% (v/v) HCl concentration was determined to give the maximum response for As 3+ and As 5+ (Fig. 7a) .
L-Cysteine Concentration
The addition of 2% (m/v) l-cysteine (Fig. 7b) gave the maximum response for As 3+ , As 5+ , and DMA. The response of MA was found to increase as the l-cysteine concentration was increased from 0.5 to 5% (m/v; Fig. 7b) .
The optimum reaction coil temperature was found to be 70 • C. At temperatures higher than 70 • C the response of arsenic species was found to decline because of the inactivation of l-cysteine and production of sulfur residues that caused tubing blockages.
The optimum coil length to obtain the maximum response for inorganic and methylated arsenic species was determined to be 10-14 m (Fig. 8a) . The maximum response for As 3+ and As 5+ was found to occur at a coil length of approx. 10 m. DMA and MA gave maximum responses at coil lengths >14 m. A 10 m coil length was chosen as the optimum as it provided good response for all arsenic species.
Sodium Tetrahydroborate(III) Concentration
A 3% (m/v) NaBH 4 concentration gave the maximum response for inorganic arsenic species (Fig. 8b) . Maximum responses for dimethylarsinic acid occurred when 2% (m/v) NaBH 4 was used, while a maximum response for MA occurred with concentrations <0.5% (m/v; Fig. 8b ).
Argon Flow Rate
The response for all arsenic species increased as the argon flow rate was increased from 50 to 100 mL min −1 . Arsenic species response was not determined at argon flow rates >100 mL min −1 because of increased pressure resulting in the blow out of tubing. A 70 mL min −1 argon flow rate was chosen as a compromise between high sensitivity, lower pressure, and reduced baseline noise.
Optimized Conditions
The optimized conditions for the formation of arsenic species were 1% HCl (v/v), 2% (m/v) l-cysteine, 3% (m/v) NaBH 4 , reaction coil length 10 m, temperature 70 • C, and an argon flow rate of 60 mL min −1 . In the examined calibration range (0-10 µg L −1 ), the response for As 5+ , DMA, and MA (relative to As 3+ ) was determined to be approx. 85-90%, approx. 45-50%, and approx. 20-25%, respectively (Fig. 9) .
Arsenic Speciation
General Considerations
When undertaking speciation analyses of biological tissues it is necessary to lyse cells and defat samples. Cells and membranes need to be ruptured to ensure quantitative extraction. The use of freeze-drying and grinding will normally break up biological materials and result in good extraction efficiencies. [33] It has been shown that arsenic species in extracts of fresh and freeze-dried material are identical. [38] The presence of fat may lower extraction efficiencies and non-defatted samples can change HPLC column performance. [39, 40] Fats can be easily removed with acetone with little co-extraction of arsenic. [9, 33] Tasmanian Bull Kelp (Durvillea potatorum) Total arsenic concentration of the homogenized bull kelp was 129 ± 4 µg g −1 (n = 5). The majority of arsenic in this bull kelp tissue was extracted with 50% (v/v) methanol/water (131 ± 3 µg g −1 , 101 ± 2%, n = 4). Quantitative extraction of arsenic with methanol/water has been reported in the literature for brown macroalgae species. [41] Arsenic species identified and quantified in bull kelp by HPLC-ICP-MS and HPLC-HG-ICP-MS are shown in Table 1 . There was close agreement between analytical techniques for inorganic and simple methylated arsenic species (i.e., DMA, MA, and As 5+ ; Table 1 ). The majority (85-87%) of arsenic in bull kelp was determined by both analytical techniques to be As 5+ (Table 1 ). Inorganic arsenic concentrations (As 3+ and As 5+ ; 120 ± 1 µg g −1 ; 92 ± 1%) in the bull kelp tissue are considerably higher than that considered safe for human consumption (<1 µg g −1 wet mass or <5 µg g −1 dry mass, conversion factor 5).
In the organic arsenic fraction (<10% by HPLC-HG-ICP-MS), four dimethylated arsenoriboses were determined (OH-, PO 4 -, SO 3 -, and OSO 3 -riboses) using HPLC-ICP-MS (Table 1, Fig. 10 ). These four dimethylated arsenoriboses have previously been identified in Australian brown macroalgae species. [41] 
Dogfish Muscle (DORM-2)
In a previous publication we presented results obtained using microwave-assisted extraction and the optimized HPLC-ICP-MS procedures reported here for the certified reference material DORM-2. [33] Arsenic species in DORM-2 were determined to be AsB (16.80 ± 0.14 µg g −1 ), TMAP (0.17 ± 0.01 µg g −1 ), AsC (0.023 ± 0.002 µg g −1 ), TETRA (0.24 ± 0.02 µg g −1 ), and DMA (0.280 ± 0.004 µg g −1 ). These values were in close agreement with the certified values and that reported previously by other researchers for this tissue. [33] As well as DORM-2 being used as part of an arsenic speciation quality control program, this tissue can also be used as a mixed standard by analysts unable to gain access to pure standards to identify arsenic species by comparison with retention times.
Macroalgae Supplements and Sushi Seaweed
Inorganic arsenic concentrations in commercially available macroalgae supplements and sushi seaweed measured by HPLC-HG-ICP-MS are reported in Table 2 . The majority (69-98%) of arsenic in these supplements and seaweeds was extracted in the 50% (v/v) methanol/water soluble fraction (Table 2) . Of the seven commercially available macroalgae supplements, A. nodosum no. 1 (Table 2, Fig. 11a ) and M. pyrifera ( Table 2 , Fig. 11b ) were found to contain inorganic arsenic concentrations above that considered safe for human consumption (especially M. pyrifera; <1 µg g −1 wet mass or <5µg g −1 dry mass, conversion factor 5). No sushi seaweed commercial product was found to have inorganic arsenic concentrations above that considered safe for human consumption (Table 2) . Macroalgae tablets are generally taken by individuals with an insufficient diet or medical condition to supplement deficient blood iodine concentrations. These individuals can be indirectly exposed, through their macroalgae supplement, to potentially toxic inorganic arsenic concentrations that are present in some macroalgae species (e.g., M. pyrifera). The results in this study highlight the importance of analyzing for trace metal and metalloid species in determining potential human effects.
Conclusions
HPLC-ICP-MS and HPLC-HG-ICP-MS are selective and sensitive techniques that can be used for the measurement of arsenic species in biological extracts. The use of HPLC-ICP-MS can be used with correct understanding of co-eluting arsenic species and spectroscopic interferences to measure arsenic acid and organic arsenic species in biological extracts. HPLC-HG-ICP-MS is required to quantitatively measure the total inorganic arsenic species concentrations in biological extracts. This technique can also be used to identify inorganic arsenic species (e.g., As 3+ and As 5+ ) and simple methylated species (MA and DMA) in samples high in chloride ions that show interference during HPLC-ICP-MS analysis.The existence in some biological extracts of complex arsenic matrices and unidentified compounds will require use of complementary analytical techniques, such as liquid chromatography-mass spectrometry (LC-MS) and liquid chromatography-tandem mass spectrometry (LC-MS-MS) for successful identification and quantification of all species.
It is important that all arsenic speciation studies start to incorporate quality control programs that include certified reference materials or in-house quality control samples to assess the effectiveness of sample preparation, extraction, and measurement techniques. The results provided in this study for D. potatorum, DORM-2, macroalgae supplements, and sushi seaweeds can be used for this purpose.
